Abstract-We are studying some novel steps toward real-life applications of terahertz wave.
INTRODUCTION
Terahertz (THz) waves, at the gap between microwaves and the far infrared, have long been unexplored field, mainly because of the lack of sources and detectors. However, recent remarkable developments in THz technology allow THz radiation to be applied in solving real-world problems, such as in material science, atmospheric research, biology, solid state physics, chemistry and gas tracing [1, 2] . Among the most prominent advantages that the THz radiation offers we mention its ability to penetrate a wide range of materials which are opaque to visible and near infrared light or produce only low-constant X-ray images. As the THz photon energy is roughly six orders of magnitude smaller than that of an X-ray photon, its interaction with matter, particularly with biological tissues, is considered to cause no detectable damage, at least not by ionization processes. A comparison with the other side of the electromagnetic spectrum, the microwave range, highlights again the advantage of THz waves: With their shorter wavelength they provide a considerably better imaging resolution that is sufficient in many applications. The existence of chemically-specific absorption spectra in the THz range, reflecting molecular transitions and intermolecular bonds, facilitates fingerprinting and brings about a whole area of spectroscopic detection, testing, and analysis techniques. On the other hand, the technologies for ensuring the safety and security have been becoming the important in an increasingly internationalized world. The THz technology has been expected to solve such problems. We have been studying a few THz sensing methods for ensuring the safety and security of the lives of people, such as, i) Nondestructive detection of illicit drugs using spectral fingerprints, ii) Label-free detections of protein-protein interactions for allergy test.
The absence of non-destructive inspection technique for illicit drugs hidden in mail envelopes has resulted in such drugs being not only smuggled across international borders but also transported from one jurisdiction to another within a country with surprising ease. The situation must also be attributed to the inconvenience of having to obtain a search warrant to examine the contents every time the need arises. A majority of the legal systems in the world prohibit private letters, whether they are suspected or otherwise, from being examined without a search warrant. There exist several inspection techniques such as passing the mail through an X-ray scanner, having it sniffed by a trained dog, or swiping its outside with a trace detection system. However, the ability of X-ray scanners is limited to identifying the shape of a vinyl plastic bag or a tablet, and not the type of the drug, providing insufficient grounds for opening the envelope for examination. Trace detection and canine detection, on the other hand, can only be effective if there are detectable signs outside the envelope, such as a scent or trace amounts of the concealed drug. In contrast, the THz-wave is suitable for drug detection purposes, being able to screen the contents of envelopes and our measurement results having proven the existence of fingerprint spectra peculiar to illicit drugs in the THz region. In this paper, we will report a demonstration to detect illicit drugs in envelope using a THz spectroscopic imaging system.
In recent years, Japanese consumers have become increasingly aware of food safety issues (e.g., residual agricultural chemicals in food, mislabeled beef and tampered food). In particular, a detection of an allergic substance in food materials is very important, because a substance that triggers allergies causes serious allergic reaction. We think the label-free biosensing is a good way to detect them. However, it is necessary to detect a very small amount of allergen in food. To obtain high sensitivity, we demonstrated a sensing application using thin metallic mesh -a two-dimensional array of sub-wavelength holes.
NONDESTRUCTIVE DETECTION OF ILLICIT DRUGS USING SPECTRAL FINGERPRINTS [3]
We have developed a basic technology for terahertz imaging, which allows detection and identification of drugs concealed in envelopes, by introducing the component spatial pattern analysis [4] . As samples we chose for this experiment three drugs that were: methamphetamine (dmethamphetamine hydrochloride, more than 98% purity), currently the most widely consumed drug of abuse in Japan, MDMA (dl-3, 4-methylenedioxymethamphetamine hydrochloride, 67% purity), another drug of abuse becoming widespread on a global scale, and aspirin (100% purity) as a reference. As shown in Fig. 1 , ∼20 mg of each substance were placed in a small 10 × 10 mm polyethylene bag. The three bags were then placed inside a usual airmail-type envelope. THz images of the rectangular area indicated by the white line in Fig. 1 were captured. The THz spectroscopic imaging system [5] consists of a Q-switched Nd:YAG laser, a TPO (THzwave parametric oscillator) [6] , imaging optics, an xy scanning stage, a detector, a lock-in amplifier, and a personal computer. By changing the frequency emitted by the TPO within the 1.3 to 2.0 THz range, we obtained seven multispectral images as shown in Fig. 2. In Fig. 2 , the scale of the image −ln(I t /I 0 ) is the logarithm of the transmitted THz-wave intensity I t divided by the intensity of the THz-wave that was only transmitted through the envelope I 0 . This means that the greater the absorption, the brighter the shades. The absorption spectra of the three drugs were measured with the same TPO system as shown in Fig. 3 . The corresponding absorption intensity values at the seven frequencies were extracted to obtain the information of spectra. Although the spectra of methamphetamine and MDMA are similar, the difference between them enabled us to distinguish between the two using the component pattern analysis method.
By using the seven recorded images and the information of spectra, the spatial pattern was calculated. Fig. 4 shows the result of extracting the three components, with each image corresponding to each of the sample drugs. As it is evident from these images, the three drugs have been clearly distinguished and the corresponding spatial patterns obtained. A ROI (region of interest) was set in each area of the component patterns in Fig. 4 and then we took the average of tone in each ROI. The ROI was a square with 20 × 20 pixels, which is similar to the size of a plastic bag. The averages of MDMA, aspirin, and methamphetamine were 122, 119 and 138, respectively. The errors were less than ±10%, which is sufficient for the drug detection purposes.
LABEL-FREE DETECTION OF PROTEIN-PROTEIN INTERACTIONS FOR ALLERGY TEST
We have been developing a novel sensing method which uses the highsensitivity phenomenon of a thin conductive metal mesh. The transmission characteristics of thin metallic meshes, investigated since the 1960s [7, 8] , are those of a band-pass filter in the far-infrared region. The transmission properties of a thin metallic mesh are determined mainly by its geometric parameters, but, when a material is placed near the mesh openings, are also affected by the refractive index of that material, in the sense that a shift of the resonant transmission frequency occurs [9] . Our sensing method is based on the change of the transmittance of THz radiation through a thin metallic mesh accompanied by the resonant frequency shift when a sample substance is applied on the mesh openings. The transmittance of the thin metallic mesh does not change due to the absorption, but dominantly due to the variation of the refractive index of the sample substances near the openings [10] .
In our experiment, we measured the transmission spectra of a thin metallic mesh using a Fourier Transform Infrared (FT-IR) spectrometer, in which the THz beam was focused into an area of about 7 mm in diameter on the thin metallic mesh. The transmission dip frequency shows the incident angle dependence [11] . We observed the shift of this transmission dip frequency. The thin metallic mesh was made from electroformed nickel, allowing the fabrication of a smooth surface and precise periodicity of the grating. The two dimensional square metallic mesh was 6 µm thick with a grating period of 76.3 µm and a metallic line width of 18.3 µm, in both dimensions. This metallic mesh behaves as a high-pass filter and the transmission at the dip frequency is approximately 70% at 2.94 THz (Fig. 5 ). We demonstrate the experiment of a label-free detection of casein/anti-casein reaction which causes allergy to milk. We used alpha-casein from bobime milk and rabbit IgG anti alpha-casein. For quantitative blotting the antigen protein (alpha-casein) to a polyvinylidene difluoride (PVDF) membrane, we used a printing device (KONICA MINOLTA IJ co., Japan). The amount of the sample was controlled using an image processing software. For viscosity control, alpha-casein was dissolved in solution of glycerine (40%) and isopropyl alcohol (5%) in distilled water. In our case, the solution concentration is 1.0 mg/ml. In order to make the PVDF membrane hydrophilic it was soaked in methanol 100% for 20 seconds, then washed with distilled water for 2 × 5 minutes and rinsed in Tris-buffered saline (TBS) (20 mM Tris, 500 mM NaCl, pH 7.5). Alpha-casein solution was applied by the printing device on the membrane. The blotted membrane was immersed in the blocking with the BSA solution (0.1% BSA in TTBS (20 mM Tris, 500 mM NaCl, 0.05% Tween-20, pH 7.5)) for 2 hours at room temperature. After the washing with the TTBS solution, it was Incubated with 20 µl monoclonal rabbit IgG anti alpha-casein (1.0 mg/ml) over night at room temperature.
We measured samples using our FT-IR at three steps PVDF membrane which were (a) untreated, (b) applied alpha-casein solution and blocked with the BSA solution, and (c) incubated with rabbit IgG anti alpha-casein. The PVDF membrane shows transmittance more than 70% under 3 THz. Each PVDF membrane was attached to the input surface of the thin metallic mesh. We present the transmission spectra only in the frequency range around the transmission dip observed in Fig. 6 . The transmission dip frequency, which is estimated from the fitting of the measured spectrum with a Lorentz function, is plotted in the inset of Fig. 6 as a function of each step. The transmission spectrum of the applied-casein solution and blocked with the BSA solution on PVDF membrane (b) was found to shift towards lower frequencies relative to the untreated PVDF membrane (a). And the transmission spectrum of the incubated with rabbit IgG anti alpha-casein on PVDF membrane (c) was also found to shift towards lower frequencies relative to the non-incubated PVDF membrane (b). In this case, the amount of rabbit IgG anti alpha-casein on PVDF membrane is estimated 8.7×10 −7 M. This shift is believed to be caused by the different refractive index of antigen-antibody combination in the vicinity of metallic mash. Such a small variation of the transmittance makes it difficult to detect the sample substances by monitoring the transmission intensity at a single frequency. However, owing to the shift of the dip frequency depending on the refractive index in the vicinity of the metallic openings, a sensitive detection of the sample substances becomes possible with the single frequency source in the THz regime. 
